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Charged particles exhibit the Hall effect in the presence of magnetic fields. 
Analogously, ferromagnetic skyrmions with non-zero topological charges and finite 
fictitious magnetic fields exhibit the skyrmion Hall effect, which is detrimental for 
applications. The skyrmion Hall effect has been theoretically predicted to vanish for 
antiferromagnetic skyrmions because the fictitious magnetic field, proportional to net 
spin density, is zero. We experimentally confirm this prediction by observing current-
driven transverse elongation of pinned ferrimagnetic bubbles. Remarkably, the skyrmion 
Hall effect, estimated with the angle between the current and bubble elongation directions, 
vanishes at the angular momentum compensation temperature where the net spin density 
vanishes. This study establishes a direct connection between the fictitious magnetic field 
and spin density, offering a pathway towards the realization of skyrmionic devices. 
The skyrmion1 is a topological field configuration with particle-like properties that 
appears in wide ranges from microscopic to cosmological scales2,3. One particular form of 
skyrmions is the magnetic skyrmion, found in chiral magnets4,5. The magnetic skyrmion offers 
an experimental framework for investigating topological effects on soliton dynamics. Its 
representative topological effect is the skyrmion Hall effect6–8, analogous to the Hall effect for 
which the Lorentz force deflects charged particles perpendicular to their velocities. 
Magnetic skyrmion dynamics is described by the equation of motion for position 𝑹 
9–11, given as: 
                                                          𝑀𝑹ሷ ൌ 𝑄𝑹ሶ ൈ 𝑩 െ 𝐷𝑹ሶ ൅ 𝑭,                                                     ሺ1ሻ 
where 𝑀 is the soliton mass, 𝐷 is the viscous coefficient, and 𝑭 is the sum of the internal 
force originating from the potential energy and external driving force. The skyrmion Hall effect 
results from the first term on the right-hand side, an effective Lorentz or Magnus force, defined 
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with topological charge 𝑄 ≡ ׬ 𝑑𝑥𝑑𝑦𝒏 ∙ ൫𝜕௫𝒏 ൈ 𝜕௬𝒏൯/4𝜋 and fictitious magnetic field 𝑩 ൌ
െ4π𝑠୬ୣ୲𝒛ො, where 𝒏 is the spin order parameter and 𝑠୬ୣ୲ is the net spin density. The skyrmion 
Hall effect is thus determined by the topological charge 𝑄 and fictitious magnetic field 𝑩, 
similar to the Hall effect determined by the electric charge and external field. 
For ferromagnetic skyrmions, both topological charge and spin density are finite so 
that the skyrmion Hall effect emerges6,7. The topological charge remains finite even for 
antiferromagnetic skyrmions because 𝒏 is defined by the Néel vector (not by alternating 
atomic spin), which is continuous in space. Thus, theoretically predicted vanishing skyrmion 
Hall effect for antiferromagnetic skyrmions12–14 is entirely associated with zero net spin density 
or, equivalently, zero fictitious magnetic field. This theoretical prediction has not yet been 
experimentally verified. 
The significance of experimentally demonstrating the vanishing skyrmion Hall effect 
is twofold. First, it is crucial for realizing spintronic devices that utilize magnetic skyrmions as 
information carriers15–23, because the skyrmion Hall effect pushes skyrmions towards edges of 
patterned devices, potentially resulting in skyrmion annihilation and loss of information. 
Furthermore, antiferromagnetic spin textures are expected to move faster than ferromagnetic 
ones12–14,24–26, which is beneficial for energy-efficient devices. Second, although the fictitious 
magnetic field of topological spin textures – critical for understanding their dynamics – has 
been predicted to be proportional to the spin density9–11,14, a direct connection between the 
fictitious magnetic field and spin density has remained elusive. This connection can be 
established by independent measurements of the vanishing skyrmion Hall effect and zero spin 
density, as shown below. 
In this work, we experimentally demonstrate the vanishing skyrmion Hall effect using 
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a rare-earth (RE=Gd) and transition-metal (TM=FeCo) ferrimagnetic compound where RE and 
TM moments are antiferromagnetically coupled. RE and TM elements have different intra-
atomic exchange and thus exhibit different temperature-dependent spin density changes. As a 
result, the net spin density of GdFeCo ferrimagnets varies gradually with temperature and 
vanishes at a specific temperature below the Curie temperature. The nature of magnetic 
dynamics, which is governed by the angular momentum and their commutation relations, 
becomes antiferromagnetic at this temperature, called the angular momentum compensation 
temperature 𝑇୅27. This feature of GdFeCo ferrimagnets allows us to experimentally test the 
relation of the fictitious magnetic field to the spin density, and in particular, the vanishing 
skyrmion Hall effect at 𝑇୅. 
We fabricate perpendicularly magnetized ferrimagnetic GdFeCo/Pt films28 via 
sputtering. The Pt layer serves as a spin-current source, and an in-plane charge current 
generates a spin-orbit torque (SOT)29,30. This layered structure has a sizable Dzyaloshinskii-
Moriya interaction (DMI), larger than domain-wall (DW) hard-axis anisotropy28, and thus 
homochiral magnetic bubbles with well-defined topological charges can be stabilized in the 
structure. We first determine 𝑇୅ of the GdFeCo/Pt film by measuring the field-driven DW 
velocity27. Figure 1a shows the DW velocity 𝑣 as a function of the temperature 𝑇 under a 
perpendicular magnetic field, 𝜇଴𝐻௭ ൌ  50 mT. It clearly demonstrates a sharp peak in 𝑣 at 
𝑇 ൌ287±5 K, corresponding to 𝑇୅27. This drastic increase in 𝑣 evidences antiferromagnetic 
spin dynamics, corresponding to zero net spin density at 𝑇୅. 
Figure 1b shows an optical microscope image of the device used in the SOT 
experiment. To create a bubble domain, we apply a current pulse along the y-axis through a 
half-ring shaped writing line, prepared via electron beam lithography (inset of Fig. 1b). The 
current-induced Oersted field creates a reversed bubble domain predominantly at the location 
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of the half ring and occasionally bubble domains near the edge of the writing line, possibly due 
to lithography-induced damage. Figure 2a shows a magneto-optical Kerr effect (MOKE) image 
of a created bubble domain (magnetization-UP state) at the half ring. Lighter and darker areas 
correspond to regions of magnetization-UP and magnetization-DOWN states, respectively. We 
then inject a current pulse (amplitude 𝐼 ൌ  0.14 A and duration Δ𝑡 ൌ  100 ms) through the 
GdFeCo/Pt film along the x-axis at 𝑇 ൌ343 K (𝑇 ൐ 𝑇୅) for which the current-induced Joule 
heating effect is corrected28. This in-plane current generates a SOT that could move the bubble 
domain. As shown in Fig. 2b, however, we observe that the current elongates the bubble 
domain, instead of moving it, possibly due to lithography-induced damage that creates a strong 
pinning potential. 
This current-driven bubble domain elongation however does not alter the main 
conclusion of this research, as explained below. In Fig. 2b, the bubble elongation direction 
(indicated by a red dotted line) has an angle 𝜃 ൎ–35o with respect to the current direction. To 
investigate the physical meaning of this angle, we perform the same experiment for a bubble 
domain with the opposite magnetization (magnetization-DOWN; Fig. 2c). We find that 𝜃 in 
this case is about +31o (Fig. 2d). Thus, changing the bubble domain magnetization state from 
UP to DOWN changes the sign of 𝜃 while approximately maintaining its absolute value. This 
sign change, due to the overall inversion from the spin order parameter 𝒏 to െ𝒏, suggests 
that the elongation angle 𝜃 reflects the topological charge 𝑄 because 𝑄 is the odd function 
of 𝒏. 
The correlation between elongation angle and topological charge in this experiment 
indicates that the current-driven elongation of bubble domains is a consequence of half-
skyrmion motion (Fig. 2e). As one bubble edge is pinned, the motion of the other edge, 
indicated by a dotted box in Fig. 2e, is responsible for elongation. For a bubble domain having 
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a well-defined topology due to the DMI, a topological charge for the other edge in the boxed 
area is a half a full skyrmion and, as a result, the elongation angle could be interpreted as the 
skyrmion Hall effect of a half-skyrmion.  
To validate the above interpretation, we investigate current-driven elongation of 
bubble domains at various temperatures. If the above interpretation is valid, 𝜃 must vary 
gradually with 𝑇 and change its sign at 𝑇୅ because the skyrmion Hall effect for a bubble 
domain with a well-defined 𝑄 is determined by the net spin density. Figures 3a-c show MOKE 
images of the magnetization-DOWN state, obtained at three representative temperatures. The 
sign of 𝜃  is positive above 𝑇୅  (𝑇 ൌ 343 K; Fig. 3a) whereas it is negative below 𝑇୅ 
(𝑇 ൌ253 K; Fig. 3c). Remarkably, 𝜃 is close to zero at the temperature near 𝑇୅ (𝑇 ൌ283 K; 
Fig. 3b). Figure 3d summarizes the measured 𝜃 as a function of 𝑇 , revealing that bubble 
domains with magnetization-UP and magnetization-DOWN states exhibit 𝜃 of opposite signs 
and comparable absolute values throughout the tested temperature range. More importantly, 
the 𝜃 for both types of bubble domain approaches zero at temperature close to 𝑇୅ . This 
observation is consistent with the above interpretation based on half skyrmions, demonstrating 
that the skyrmion Hall effect of RE-TM ferrimagnets vanishes at 𝑇୅. 
To further support the proposed interpretation with experimental observations, we 
develop a simple theory for the elongation of a pinned magnetic bubble driven by SOT. 
Specifically, we model an elongated bubble with one pinned end at the origin (Fig. 4a) as a 
composite object consisting of a half skyrmion at the free end and a straight rod connecting the 
two ends, which resembles the model used in Ref. 19 to explain skyrmion generation from the 
tips of elongated bubbles. The state of the bubble can be described by two variables, the rod 
length 𝑙ሺ𝑡ሻ and the elongation angle from the current direction 𝜃ሺ𝑡ሻ . Their equations of 
motion can be obtained using the collective coordinate approach11,14,27, the details of which can 
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be found in Ref. 28. Several forces act on the half skyrmion: the SOT-induced force 𝑭௝; the 
Magnus force 𝑭௚, proportional both to the spin density and the topological charge 𝑄 ൌ േ1/2; 
the viscous force 𝑭ௗ, rooted in the Gilbert damping, and the tension 𝑭், associated with the 
stretching of the rod (see Fig. 4a for schematic illustrations of these forces). By balancing these 
forces and the associated torques on the bubble, we obtain the steady-state solution with 
uniform growth and a constant angle for sufficiently large currents: 𝑙ሶሺ𝑡ሻ ൌ 𝑣 and 𝜃ሺ𝑡ሻ ൌ
𝜃ୗ୩ୌ with 
          𝜃ୗ୩ୌ ൎ tanିଵ ൬2𝑠୬ୣ୲𝑄𝜆𝛼𝑠୲୭୲ୟ୪𝑟൰,                                                       ሺ2ሻ 
where 𝑠୲୭୲ୟ୪ is the sum of the sublattice spin density magnitudes, 𝛼 is the Gilbert damping 
constant, 𝜆 is the DW width that forms the bubble boundary, and 𝑟 is the radius of the half 
skyrmion. The elongation angle obtained for the bubble is identical to the expression for the 
skyrmion Hall angle for an isolated skyrmion14. As the temperature approaches 𝑇୅, the net spin 
density 𝑠୬ୣ୲ goes to zero and, consequently, the elongation angle 𝜃ୗ୩ୌ goes to zero. This 
implies the skyrmion Hall effect vanishes at 𝑇୅, as was experimentally observed. 
We also perform numerical simulations based on the atomistic Landau-Lifshitz-Gilbert 
(LLG) equation27,28. We compute SOT-driven elongation of a ferrimagnetic bubble by varying 
the spin densities of two sub-lattices around 𝑠୬ୣ୲ ൌ 0 28. To mimic the experiment, we 
intentionally pin one bubble edge by applying a staggered field locally and assume a random 
distribution of the perpendicular magnetic anisotropy28. Figure 4b shows snapshot images of 
the elongated magnetic bubble for nine 𝑠୬ୣ୲ cases. Figure 4c summarizes the numerically 
obtained elongation angles as a function of 𝑠୬ୣ୲. At 𝑠୬ୣ୲ ൌ 0, the elongation angle is nearly 
zero, consistent with both experiment and theory. 
8 
We experimentally observe that the skyrmion Hall effect in an antiferromagnetically 
coupled ferrimagnet varies with temperature and vanishes at 𝑇୅. Combined with theoretical 
and numerical support, this observation demonstrates that the fictitious magnetic field for 
magnetic skyrmions is proportional to the net spin density, revealing the importance of the net 
spin density in topological soliton dynamics where it has been overlooked compared to the 
topological charge. Furthermore, this demonstration of the vanishing skyrmion Hall effect is 
of crucial importance for realizing an efficient skyrmion racetrack memory without information 
loss. The high tunability of the net spin density of ferrimagnets, which cannot be found in more 
conventional spintronic materials, will open up new possibilities for manipulating the dynamics 
of topological solitons and thereby facilitate the realization of soliton-based spintronic devices. 
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Figure captions 
Figure. 1. Determination of 𝑻𝐀  and device structure. a, 𝑣  as a function of 𝑇  under 
𝜇଴𝐻௭ ൌ50 mT, with arrow indicating 𝑇୅. b, Optical image of device structure and definition 
of the coordinate system.  
Figure. 2 Determination of current-driven elongation of pinned magnetic bubbles at 
𝑻 ൌ343 K (𝑻 ൐ 𝑻𝐀). a, MOKE image of magnetization-UP bubble domain. b, Current-driven 
elongation of magnetic bubble from a. c, MOKE image of a magnetization-DOWN bubble 
domain. d, Current-driven elongation of magnetic bubble from c. e, Illustration of current-
driven elongation of magnetic bubble. Yellow arrows indicate magnetization directions at the 
DW section. An edge surrounded by a dotted box is responsible for elongation while the other 
edge is pinned. The angle 𝜃 in (b, d, and e) is the elongation angle. 
Figure. 3. Elongation angle 𝜽 as a function of 𝑻. MOKE images at a, 𝑇 ൌ343 K (𝑇 ൐ 𝑇୅), 
b, 𝑇 ൌ 283 K (𝑇 ൎ 𝑇୅ ), and c, 𝑇 ൌ 253 K (𝑇 ൏ 𝑇୅ ). d, 𝜃 as a function of 𝑇 for each 
magnetization state.  
Figure. 4. Theoretical and numerical results for current-driven elongation of pinned 
ferrimagnet bubble. a, Forces acting on a half skyrmion represented by the grey solid circle 
(see the main text for each force type). b, Numerical results for the SOT-driven elongation of 
a pinned magnetic bubble for 𝑠୬ୣ୲ 28. 𝐧௭ is ሺ𝒎௜ାଵ െ 𝒎௜ሻ/2 , where 𝒎௜ is the normalized 
magnetic moment at atomic site i28. c, Numerically obtained 𝜃 as a function of 𝑠୬ୣ୲ for 𝑄 ൌ
േ1/2. 
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